Abstract Novel aluminum ammonium phosphates (AAP) were tested as anticorrosion fillers in twocomponent solventborne polyurethane paints. Their properties were compared with microsized aluminum zinc phosphate (AZP) as well as with nanosized (nAP) and microsized (AP) aluminum phosphates. Generally, coating compositions containing AAP exhibited similar or slightly higher viscosity than the systems with AZP and AP. Moreover, cured polyurethane coats with AAP reached higher gloss and better adhesion to a steel substrate. The results of salt spray tests (2500 h) showed that anticorrosive properties of coats containing 10 wt% of AAP were similar or better than those noted for coats with 15.6 wt% of AZP or 13.7 wt% of AP. Electrochemical impedance spectroscopic tests revealed markedly higher barrier properties of coats with AAP in comparison to an AP-based sample.
Introduction
Red lead and zinc chromate (VI) belong to the most effective anticorrosion microfillers in protective paints; however, because of their high toxicity, they are banned by law in many countries. Thus, solventborne, low-VOC, and water-thinnable coating compositions are usually filled with borates (i.e., zinc borate, barium metaborate), molybdates (basic zinc molybdate, basic calcium zinc molybdate), calcium-exchange silica, or phosphites as well as with various types of phosphate powders. [1] [2] [3] Phosphomolybdates, phosphovanadates, phosphosilicates, phosphates, and hydroxyphosphates of Al, Ca, Fe(III), Ba, and/or Mg were successfully applied in anticorrosion coats, 1, 4, 5 but the best rust inhibiting properties were observed for paints with zinc-based phosphates. 1, [6] [7] [8] [9] Nevertheless, a few papers reported a detrimental influence of zinc phosphate on the natural environment 10 , and paints containing that filler have to be labeled as very toxic to aquatic life (pictogram GHS09). Therefore intensive research on chemical modification of the mentioned microfiller (mainly by incorporation of Al, Ca, and/or Fe) as well as tests of the novel zinc-free phosphates are in progress. Relatively high efficiency of aluminum zinc phosphates (AZPs) in anticorrosion paints based on epoxy, epoxyester, or acrylic binders was presented in publications. 4, [11] [12] [13] [14] [15] Comparison of protective features of 2K polyurethane paints containing microsized AZP or nanosized aluminum phosphate (AP) was published as well. 16 In some cases the polyurethane paints with the latter type of phosphate reached higher anticorrosive properties (e.g., higher blistering resistance) than similar coats containing AZP. Nevertheless, solventborne paints filled with nanosized AP exhibited higher viscosity and lower adhesion (after curing) to a steel substrate than similar compositions based on a microsized AZP. 16, 17 In this work, novel Zn-free phosphate fillers were presented and characterized. They were obtained via reaction of aluminum sulfate and ammonium phosphate in an aqueous medium and applied as an anticorrosion component in a 2K solventborne polyurethane paint. Prepared coating compositions and coats have been compared to the systems based on a commercial microsized AZP, commercial microsized AP, or nanosized APs. The K parameter value (i.e., pigment volume concentration (PVC)/critical pigment volume concentration (CPVC) = 0.55) for prepared coating systems was applied according to the literature data. 18 
Materials and methods

Commercial materials
The following commercial components have been used for solventborne 2K polyurethane paint preparation:
-Worlé eCryl A2218, 50% solution of hydroxyacrylic resin in xylene/butyl acetate mixture, viscosity ca. 1250 mPaAEs at 20°C, hydroxyl value 58 mg KOH/g (on solids) (Worlé e-Chemie GmbH, Germany);
-Tolonate HDB-LV, hexamethylene diisocyanate derivative, viscosity ca. 2000 mPaAEs at 25°C, NCO content 23.5 wt% (Perstorp AB, Sweden);
-AZP (FAC, Złoty Stok Farby, Poland) and AP (Rima-Cor ZFM, Gustav Grolman GmbH, Germany) as reference anticorrosion fillers;
-Mica/quartz mixture, specific gravity 2.75 g/cm 3 , oil absorption 35 g/100 g (Aspolit F40, Aspanger Bergbau & Mineralwerke GmbH, Austria); -Titanium dioxide (TiO 2 ), specific gravity 4.1 g/cm 3 , oil absorption 21 g/100 g (Tytanpol R001, Z.Ch. Police S.A., Poland); -Wollastonite treated with alkylsilane, specific gravity 2.85 g/cm 3 , oil absorption 40 g/100 g (Tremin 939-300 FST, Quarzwerke GmbH, Germany); -Talc, specific gravity 2.75 g/cm 3 , oil absorption 49 g/ 100 g (Finntalc M03-SQ, Mondo Minerals OY, Finland); -Xylene (90 wt%) and butyl acetate (10 wt%) mixture as a solvent (POCh S.A., Poland); -Wetting/dispersing additive based on unsaturated polycarboxylic acid polymer (BYK-P 104S, BYKChemie GmbH, Germany);
-Silicone defoamer (BYK-067A, BYK-Chemie GmbH).
Phosphate fillers preparation
Nanosized aluminum phosphate preparation Nanosized aluminum phosphates (nAPs) were prepared via reaction of aluminum sulfate ( ‡99%, ChemPur, Poland) and diammonium phosphate ( ‡99%, POCh, Poland) (molar ratio Al:PO 4 3À 1:1) in an aqueous solution (pH 4.1) at 20°C. The precipitation process was performed in a glass reactor equipped with a mechanical stirrer. The system was configured to measure and control pH value, temperature, and agitation speed. Aluminum sulfate solution (30 wt%) was added to agitated diammonium phosphate solution (30 wt%) and stirred for 0.5 h. Precipitated product was washed three times using distilled water and dried for 3 h at 105°C (amorphous AP, nAP-a) as well as for 1 h at 200°C in a muffle furnace (calcinated AP, nAP-c).
Aluminum ammonium phosphate preparation
Aluminum ammonium phosphates (AAPs) were prepared via reaction of aluminum sulfate ( ‡99%, ChemPur, Poland) and ammonium phosphates ( ‡99%, POCh, Poland) in an aqueous solution at 23°C. Aluminum sulfate solution was added to agitated ammonium phosphate solution and stirred for 0.5 h. The pH value of the reaction medium was in the range from pH 4 to pH 8 and it was adjusted using ammonia water. Precipitated product was washed three times in distilled water and dried for 3 h at 70°C. The parameters of the AAP preparation process are summarized in Table 1 .
Paints preparation
A phosphate filler and extenders were dispersed (45 min, 25°C) in a part of a hydroxyacrylic resin containing auxiliary additives and solvent in a pearlmill (Klaxon, UK) filled with glass pearls (˘2.3-2.6 mm). Then, the paste was mixed (for 1 h) with the rest of the hydroxyacrylic component using a laboratory dissolver with a heavy-duty dispersion impeller (VMA Getzmann GmbH, Germany) at 1250 rpm. The prepared paint component was filtered (190 lm) and mixed with diisocyanate hardener using a laboratory mixer. The paint components, phosphate fillers content, PVC, and CPVC values are specified in Table 2 . Coating compositions filled with commercial microsized AZP and AP were abbreviated to PU/AZP and PU/AP, while paints based on nAPs and AAPs were noted as PU/nAP (i.e., PU/nAP-a, PU/nAP-c) and PU/ AAP, respectively.
Samples preparation
The paints were applied with a brush (according to the Polish Standard PN-C-81514:1979) and leveled with a spiral film applicator (150 lm, Unicoater 409, Erichsen GmbH, Germany) onto a steel substrate. The steel panels (Q-Panel, Q-Lab Europe, England) with dimensions of 76 9 152 mm [for adhesion and electrochemical impedance spectroscopy (EIS) analysis] and 102 9 152 mm (salt spray test) were used. The two-layer samples for EIS tests, as well as for salt spray tests, were prepared by applying two layers of coating compositions with 24 h painting intervals. The paints were also applied onto glass plates (for hardness measurements) using a gap applicator (300 lm). The coats were cured for 14 days at room temperature before testing.
Test methods
Characterization of phosphate pigments
The specific gravity of APs and AAPs was measured using a pycnometric method (glass pycnometer 25 cm 3 filled with propan-2-ol). The oil absorption for mentioned phosphates was measured according to the Polish standard PN-EN ISO 787-5. The Brunauer-EmmettTeller surface area (S BET ) measurements were conducted using Micrometrics Quadrasorb SI (Quantachrome Instrument). The N 2 adsorption/desorption tests were carried out at À196°C. The particle size of phosphate fillers dispersed in di-n-butyl phthalate by sonication (25 min, UPS400S, Hielscher Ultrasonics GmbH, Germany) was analyzed using light scattering technique (LST) (Zetasizer Nano, Malvern, UK). The solubility of phosphates in distilled water at room temperature was determined. The conductivity of the aqueous phosphate dispersion (5 wt%) was tested using an Elmetron CC-505 conductometer (Elmetron, Poland). The pH of an aqueous suspension (10 wt%) of micro-and nanofillers was examined according to the PN-EN ISO 787-9-2000 standard. The chemical composition of tested nanofillers was determined by the colorimetric vanadium-molybdenum method (P 2 O 5 content), complexometric test with EDTA (aluminum content) 19 as well as using ion selective electrode Orion 11-35 (ammonium content). 20 SEM images of AP (nAPa) and AAP (AAP5) were obtained using scanning electron microscopes (DSM 962, Zeiss, and SU-70 Hitachi, respectively).
Tafel experiments (±250 mV in relation to OCP, scan rate 0.25 mV/s) for an uncoated steel substrate (Q-Panels) were performed using DC105 software and FAS2 femtostat (Gamry, USA). As a result, corrosion potential (E corr ), corrosion current density (i corr ), and corrosion rate (P) values were determined by means of Echem Analyst software (Gamry). Steel polarization was carried out using electrolytes prepared by shaking a phosphate filler (2.5 g) with 100 g of 3.5 wt% NaCl aqueous solution for 2 h (i.e., twice for 1 h with a 22-h interval). Then the suspension was centrifuged (4000 rpm, 10 min) and an aqueous extract was carefully decanted. The Tafel tests were performed after 20 h of a glass cell filling with phosphate extract with neutral pH or pH = 9 (adjusted by means of 0.25 M NaOH aqueous solution). The corrosion inhibition efficiency (g, %) of phosphate extracts was calculated according to the following equation:
where i 0 and i are corrosion current densities registered for steel substrate immersed in 3.5 wt% NaCl aqueous solution and an aqueous extract of phosphate filler, respectively.
Characterization of coating compositions and cured paints
High shear viscosity tests (I.C.I. cone-plate system, Research Equipment Ltd., England) were performed for ready-to-use liquid coating compositions. The pendulum hardness (PN-EN ISO 1522:2008, Kö nig pendulum; three measurements for each sample), pull-off adhesion (PN-EN ISO 4624:2004, PHO-4 hydraulic apparatus, Dozafil, Poland; 10 measurements for each composition), and gloss (PN-EN ISO 2813, 60°, MicroTri-Gloss, BYK-Gardner GmbH, Germany) were evaluated on cured paints. The thickness of cured films was measured with the electronic film gauge Byko-test 8500 (BYK-Gardner) according to PN-EN ISO 2808. EIS tests were carried out with coated panels (two-layer coatings with 160-178 lm thickness) after 0, 500, 1000, and 2500 h of immersion in a periodically air-saturated aqueous NaCl solution (3.5 wt%). These measurements were realized using three coated samples for each tested composition. A three-electrode glass cell (with 14.5 cm 2 surface sample area) equipped with a graphite counter electrode and a saturated calomel reference electrode was used inside the Faraday cage. The impedance data (at frequency 0.001-10,000 Hz, 100 mV amplitude of sinusoidal voltage vs OCP) was collected using EIS300 software with FAS2 femtostat (Gamry) and analyzed using the electric circuit models presented in Fig. 1 (R u -uncompensated solution resistance, R p -pore resistance, R f -polarization resistance, C c -coating capacitance, C f -double layer capacitance). 21 The pore resistance, polarization resistance, and coating capacitance parameters were calculated with respect to the coat thickness and presented as relative R p and R f (i.e., R pr and R fr , X/lm) and relative C c (C cr , F/lm) with a standard deviation.
The salt spray test was carried out according to PN-EN ISO 9227:2007 in CorrosionBox 400 (Co.fo.me.-gra., Italy) using an aqueous NaCl solution (concentration of 50 ± 5 g/L) sprayed with compressed oilfree air. The back side and edges of steel panels with xcut coats (according to EN ISO 17872:2007) were protected with a special pressure adhesive tape (TESA Tape, USA) and mounted at an angle of 20°vertically. The temperature in a spray cabinet was maintained at 35°C.
Results and discussion
Phosphate fillers
The physical and chemical properties of the tested phosphate fillers are collected in Table 3 . As can be seen, most AAP fillers exhibited significantly higher surface area values (e.g., 240.9 m 2 /g for AAP5) and relatively lower oil absorption values (82 g/100 g) in comparison to nAPs (81.9-98.8 m 2 /g and 151-153 g of oil/100 g, respectively). Moreover, particle size values measured using an LST were markedly higher for AAP (500-990 nm) than for nAP fillers (270 nm). Nevertheless, SEM images of AAP5 and nAP-a revealed that the former was significantly more fine-grained; the particle size was in the range of ca. 40 to 145 nm (Fig. 2) . Taking into consideration the fact that particle diameter values of nAP-a (digitally measured by means of SEM image; 140-310 nm) correlated with the result obtained by using LST, it can be found that AAP particles were not efficiently dispersed in butyl phthalate after sonication and large agglomerates of AAP were detected by LST (Table 3) It is noteworthy that AAP fillers exhibited markedly higher water solubility (0.31-0.53 wt%) and higher conductivity (631-2169 lS/cm for aqueous extracts) than nAP (0.23 wt% and 341-546 lS/cm). On the other hand, AZP filler was characterized by higher water solubility (0.8 wt%) and extremely low conductivity (24 lS/cm) in comparison to nAP and AAP fillers. The pH of AAP extracts (i.e., from 7.5 to 8.1 units of pH) was higher than for AP (pH = 3.4), amorphous nAP (pH = 6.1) and AZP (pH = 6.9) filler extracts. The AAP phosphates contained 13.2-26.4 wt% of P 2 O 5 and 8.1-12.7 wt% of aluminum, while commercial AP consisted of 66 wt% of P 2 O 5 and 8 wt% of Al (hence pH value for that filler was very low). The NH 3 content in AAP was in the range of 2.5 wt% (AAP3) to 5.1 wt% (AAP2). Considering the AAP fillers prepared using the same molar ratios of components and either different solution concentration (AAP2 and AAP4; Table 1 ) or different pH values of the reaction medium (AAP3 and AAP5), it can be found that their compositions directly depended on the mentioned parameters. Moreover, the conductivity of aqueous AAP extracts was only affected by the pH of the reaction medium: conductivities of AAP2 and AAP4 were similar (1854-1840 lS/cm), while that attribute value for AAP3 (i.e., 631 lS/cm) was significantly lower than for AAP5 extract (2169 lS/cm). It should be mentioned that AAP3 contained only 2.5 wt% of NH 3 but electrical conductivity did not directly correlate to that parameter value. The polarization curves for the steel immersed in an aqueous NaCl solution as well as in selected extracts of phosphate in an aqueous NaCl solution are shown in Fig. 3a . The Tafel test results, i.e., corrosion potential (E corr ), corrosion current density (i corr ), corrosion rate (P), and corrosion inhibition efficiency (g), are collected in Table 4 . As can be observed, the corrosion potential values for steel tested in neutral extracts of AAPs, nAPs or AZP were similar (À725 and À785 mV for the AZP and nAP-a extracts, respectively) while E corr recorded for the AP extract was significantly shifted to the positive value (À639 mV vs SCE). Nevertheless, the corrosion current density (104 lA/ cm 2 ) as well as the corrosion rate of steel in the AP extract (1200 lm/year) were catastrophically high. Probably, it was caused by relatively low pH of that extract-it is known that steel easily corrodes in similar conditions. 23 Although i corr and P values for steel immersed in extracts of nAP or AAP were low (in relation to AP extract), corrosion inhibition efficiency for these fillers was negative and reached À75% for nAP-a and À149% for AAP3-based electrolyte. On the other hand, corrosion inhibition efficiency calculated for AZP was relatively high, i.e., 49% (Table 4) (1%) . 24 It should be noted that these fillers [AZP and that tested in reference (24) ] were mainly based on Zn 3 (PO 4 ) 2 exhibiting high anticorrosion efficiency. 24 The corrosion rates of steel immersed in aqueous extracts of APs have not generally been presented and discussed in literature. However, anticorrosion efficiency of epoxy coatings containing the mentioned filler (measured during cyclic corrosion test) was ca. 93%. 25 That parameter value for cold rolled steel polarized in an aqueous extract of aluminum triphosphate was 76%. 26 Interestingly, in some cases studied ''aluminum phosphates'' contained markedly higher amount of Zn than Al. 1 Polarization curves for steel immersed in neutral extracts of nAP-a and AAP fillers (Fig. 3a) show different shapes for the cathodic branches in these electrolytes. Generally, the cathodic curves registered for AAP extracts were similar to that observed for AZP extract, while cathodic reactions on a steel substrate immersed in nAP-a extract proceeded at significantly reduced current density values. Therefore, the corrosion inhibition efficiency of nAPs (nAP-a, nAP-c) was higher than for AAP fillers (Table 4 ). In the case of AAP extracts it should be noted that the lowest corrosion rates were found for the fillers with the lowest NH 3 content (i.e., AAP3, AAP4, and AAP 5; Table 3 ). The corrosive features of ammonium salt (e.g., fertilizers) are known and have been discussed in the literature. 27 It is known that during a corrosion process in the presence of oxygen, OH À ions are generated and the pH value of electrolyte increases. In many cases, anticorrosion protection of steel substrate in a phosphate filler extract is affected by its pH value. The Tafel test results for steel immersed in a basic extract of AZP, AP, nAP, or AAP fillers in an aqueous NaCl solution are presented in Table 4 (polarization curves for steel immersed in selected extracts are shown in Fig. 3b ). The corrosion potential value for steel immersed in an alkaline extract of AP was much higher (À506 mV) than for steel in alkaline extracts of AZP (À651 mV), nAPs (À712 mV for nAP-a and 698 mV for nAP-c), or AAPs (À609 mV for AAP2 and À738 mV for AAP5). Although corrosion inhibition efficiency of the AP extract was markedly higher (38%) in comparison to the AZP extract (1%), much better anticorrosion properties were observed for the basic extract of AAP5 (74%). High corrosion inhibition efficiency was also noted for the basic extracts of nAP-a (37%; similar result was noted for micro-sized AP), AAP4 (20%), and AAP1 (19%). In the case of AAP fillers, the g values depended on P 2 O 5 and NH 3 content in the analyzed phosphates. The comparison of AAP1 and AAP2 (similar P 2 O 5 and Al content, various NH 3 content) showed that a lower amount of NH 3 Upgraded anticorrosion efficiency recorded for basic and acidic extracts of phosphate fillers (e.g., zinc phosphate, zinc AP, zinc iron phosphate) in comparison to a neutral extract has been explained in literature by higher water solubility of P-based components at low and high pH values.
24,28
Polyurethane paints and coats with phosphate fillers Prepared AAPs as well as APs and AZPs were applied as anticorrosion components of solventborne polyurethane paints. The viscosity values of paints (measured at RT) are presented in Fig. 4 . In the case of compositions based on AAP, the lowest viscosity was recorded for paints with AAP5 or AAP2 (440 and 460 mPaAEs, respectively). These values were only slightly higher in comparison to the viscosity of systems containing microsized phosphates, i.e., PU/AZP (360 mPaAEs) and PU/AP (420 mPaAEs). Extremely high viscosity was registered for paints filled with nAPs: 700 mPaAEs for PU/nAP-c and 720 mPaAEs for PU/nAP-a. It should be noted that the viscosity values presented did not correlate with the weight/volumetric content of a phosphate filler in paint (Table 2) as well as oil absorption test results ( Table 3 ). The presence of AAP agglomerates in cured coats (detected in AAP/butyl phthalate suspension by using LST) was not confirmed by means of laser scanning microscope (results not presented) due to a large amount of other fillers and pigments in tested coats (Table 2) . Nevertheless, the significantly lower viscosity of paints filled with AAPs in comparison to systems containing nanosized aluminium phosphates (PU/nAA-a, PU/nAA-c) might be affected by the size and shape of AAP agglomerates in solventborne coating compositions.
Cured polyurethane coats containing AAP or nanosized nAP exhibited similar or improved adhesion to a steel substrate in comparison to the samples based on commercial phosphates (1.9 MPa for PU/AP and Table 2 ) and low PVC values (17 for PU/nAP-a and 18.2 for PU/nAP-c) resulted in high adhesion to a steel substrate. On the other hand, PU/nAP-a and PU/nAPc were based on the phosphates exhibiting significantly lower particle size (270 nm) in comparison to other phosphates (LST results, Table 3 ). Moreover, the values of analyzed parameters (i.e., low volumetric phosphate content, low PVC, and phosphate particle size) affected the gloss of the mentioned polyurethane coats (75 gloss units for PU/nAP-a and 71 gloss units for PU/nAP-c; Fig. 5 ). A high gloss value for the coat containing AAP3 (60 gloss units) was recorded as well. Probably, it was caused by relatively low agglomerate size/amount of AAP3 (500 nm) in relation to other AAPs (610-990 nm, 26-35 gloss units) and commercial fillers ( £ 4 lm and 21 gloss units for PU/AP, £ 63 lm and 23 gloss units for PU/AZP; Fig. 5 ). It is generally known that coarse-grained fillers and pigments reduce the gloss of coats. The hardness of cured paints containing APs or AAPs was in the range of 48 to 54 units (Fig. 5) and the highest value of that parameter was noted for PU/AAP5. In the case of PU/AZP, the particle size of AZP was much higher in relation to the APs and other fillers and pigments in the coats. Therefore, the hardness of that coat was very high (71 units).
Observations of delamination around the scribe of polyurethane coats during their exposure in a salt spray chamber for 500, 1000, 1250, and 2500 h are collected in Table 5 ; blistering observations after 2500 h of corrosion testing are presented in that table as well. Additionally, digital photos of coated panels exposed for 2500 h in a salt spray cabinet (and steel bases after coat removal) are shown in Fig. 6 . In the case of coats with AAP fillers, the lowest width of delamination area around the scribe (7.8 mm) and corrosion rate of a steel substrate (after 2500 h) were observed for PU/AAP5 sample. Although lower delamination was noted for specimens containing a microsized AP (PU/ AP, 7.3 mm after 2500 h), the coats with AAP5, AAP1, or AAP4 exhibited significantly better anticorrosion characteristics during short-lasting exposure in a salt spray chamber (i.e., £ 1250 h) than the mentioned coats with AP filler: registered delamination around the scribe was in the range of 3.2 mm (500 h) to 5.5 mm (1250 h) for PU/AAP5 and 4.8-5.8 mm for PU/AP, respectively. Blistering outside the scribe (after 2500 h, Table 5 ) was exclusively noted for PU/ nAP-c and PU/AAP1 samples. Nevertheless, rust traces were not observed on the surface of all coats after a salt spray test. Generally, the presented delamination results did not correspond to pull-off adhesion values recorded for coats before the salt spray test (Fig. 4) . Although the best adhesion to a steel substrate was noted for samples containing nAPs (i.e., PU/nAP-a and PU/nAP-c), these samples exhibited the highest tendency to delamination around the scribe during exposure in a salt spray chamber (Table 5) . On the other hand, the lowest delamination value was registered for PU/AP characterized by lower adhesion to steel than PU/nAP-a and PU/nAP-c. For coats containing AAP fillers, it can be claimed that the lowest delamination around the scribe (after 500 h) was registered for the samples exhibiting better adhesion to a steel substrate (PU/AAP3, PU/AAP4, PU/AAP5; Fig. 4 ). That relation was not observed after 2500 h of salt spray test. In that case the highest anticorrosion properties were registered for samples with AAP containing a similar/low amount of NH 3 (i.e., AAP5 and AAP4, 3.3 wt%, Table 3 ) and characterized by a low (Al + NH 3 )/PO 4 3À molar content ratio (1.78 for AAP5 and 1.88 for AAP4, Fig. 7) . Additionally, the values of the total surface of phosphate particles (located in 100 cm 3 of cured coat) were higher for PU/AAP5 and PU/AAP4 (3633 and 3023 m 2 , respectively; Fig. 7 ) than for samples with other AAP and nAP fillers. For PU/AZP and PU/AP samples, the mentioned parameter values were significantly low (147.4 and 91.4 m 2 /100 cm 3 , respectively) but these coats contained higher amounts of anticorrosion fillers (i.e., 7.7 vol% of PU/AZP and 7.6 vol% of PU/AP) in comparison to other systems (5.1-7.1 vol% of phosphate; Table 2 ). Anticorrosion efficiency of PU/AZP and PU/AP was also improved by the higher water solubility of AZP and AP in relation to nAP and AAP fillers (Table 3) .
Electrical parameters calculated on the basis of EIS data are presented in Fig. 8 (R pr ) , Fig. 9 (C cr ), and Fig. 10 (R fr ) . It is known that R pr and C cr parameters generally represent the barrier properties of coats while R fr characterizes coat-metal interface. As can be seen, the highest relative pore resistance (after 500, 1000, and 2500 h of immersion in saline water) was registered for coats containing AZP, nAP-c, AAP3, or nAP-a. Probably, it was affected by the low electrical conductivity of aqueous extracts of these phosphates (24-631 lS/cm) in relation to other extracts (1520-2169 lS/cm, Table 3 ) and/or by the absence of phosphate agglomerates in the mentioned coats. During water permeation into the coat, the aqueous extract of phosphate filler was created and its conductivity influenced R pr values. On the other hand, a coat without voids (e.g., air inside filler agglomerates) cannot be easily penetrated by water. Considering SEM images of nAP-a and AAP5 (Fig. 2) as well as the results of particle size analysis, S BET , and oil absorption values (Table 3) , it can be suggested that PU/ AAP3 did not contain phosphate agglomerates. Therefore, PU/AAP3 exhibited significantly higher R pr than the samples with other AAPs (i.e., PU/AAP1, PU/ AAP2, PU/AAP4, or PU/AAP5, Fig. 8 ). The Table 5 : Delamination values and blistering degrees of painted steel panels exposed in a salt spray chamber Delamination around the scribe a (mm) 500 0 4.8 ± 1.4 4.7 ± 2.1 5.4 ± 1.7 3.3 ± 1.2 3.6 ± 1.3 3.1 ± 1.5 2.5 ± 1.0 3.2 ± 1.7 1000 5.0 ± 2.9 5.1 ± 1.6 8.8 ± 3.2 11.3 ± 3.0 3.9 ± 1.7 5.5 ± 2.2 8.7 ± 2.7 3.4 ± 1.2 5.0 ± 1.9 1250 5.7 ± 3.8 5.8 ± 1.8 9.5 ± 2.9 13.5 ± 4.7 4.5 ± 1.8 5.8 ± 2.3 9.6 ± 1.9 4.2 ± 1.0 5.5 ± 1.7 2500 9.4 ± 4.1 7.3 ± 2.8 14.5 ± 2.8 14.2 ± 2.8 10.5 ± 1.3 10.8 ± 1.8 11.1 ± 2.8 9.5 ± 1.6 7.8 ± 2. (Fig. 9 ). It should be noted that the most reduced C cr was recorded for the coats with nAPs (nAP-a, nAP-c). Moreover, PU/AP did not (probably) contain phosphate agglomerates; thus, the low R pr of that coat was a result of high conductivity of AP extract (Table 3) . The relative polarization resistance (R fr ) values for coats with APs and AAPs correlated with the Tafel test results obtained for steel in neutral extracts. Due to the high barrier/anticorrosion properties of PU/AZP, the mentioned parameter (R fr ) was not measured for that sample (the second time constant characteristic was not revealed during EIS test). As can be observed in Fig. 10 , the highest R fr values were noted for coats containing nAP-a, nAP-c, AAP3, or AAP5. Neutral extracts of these phosphates exhibited the highest corrosion inhibition efficiency (Table 4) . Probably, during immersion of coated samples in saline water, the electrolyte reached a coat-steel interface and an During the initial stage of that process (neutral pH of electrolyte), phosphate-based corrosion products were precipitated and covered the metallic substrate; thus, high R fr values were detected. That phenomenon for coats with phosphate fillers has been presented in literature. 29 It should be noted that R fr recorded for PU/nAP-a, PU/nAP-c, PU/AAP3, and PU/AAP5 coats was relatively stable during the immersion test. In the case of PU/AP, PU/AAP1, and PU/AAP2, parameter values were markedly reduced after 2500 h of immersion. In fact, the corrosion rate for steel immersed in extracts of these fillers was very high (Table 4) .
Generally, EIS data and the Tafel test results (for steel tested in neutral extracts of phosphates) did not correlate with the observation of coated samples exposed in a salt spray chamber. Only in the case of PU/AZP were good anticorrosion properties during salt spray test (i.e., limited delamination around the scribe and a low amount of corrosion products on steel surface, Fig. 6 ), as well as relatively high values of R pr (Fig. 8) and g (neutral pH, Table 4 ), simultaneously revealed. On the other hand, it can be claimed that the results of potentiodynamic steel polarization in basic extracts of AAPs corresponded to the salt spray test results recorded for coats with these phosphates; the highest corrosion inhibition efficiency was noted for AAP5 and AAP4 fillers while the lowest g was calculated for AAP2 and AAP3 (Table 4) . Therefore, PU/AAP5 and PU/AAP4 coats exhibited markedly lower delamination around the scribe (2500 h, Table 5 ) than PU/AAP2 and PU/AAP3. Moreover, coats with AAP5 (delamination 7.8 mm, g = 74%) offered better steel protection in comparison to the system containing AZP (9.4 mm, 1%).
Considering the results of potentiodynamic steel polarization in phosphate extracts, as well as EIS and salt spray test results for polyurethane coats containing phosphate fillers, it can be found that AAP5 offered the best barrier/anticorrosion features (i.e., high corrosion inhibition efficiency of basic extract of the filler, high R pr and low delamination of polyurethane coats around the scribe, and reduction of undercoat corrosion processes during the exposure in a salt spray cabinet) in comparison to other AAPs, micro-and nAPs as well as to AZP. Moreover, AAP5 did not contain zinc, so it can be called a really environmentally friendly anticorrosion filler.
Conclusions
Novel AAPs, prepared via the simple reaction of aluminum sulfate and ammonium phosphate in an aqueous medium, can be used as effective Zn-free anticorrosion fillers in 2 K polyurethane paints. Taking into consideration the test results of solventborne paints and cured coats containing AZP, APs (microand nanosized), or AAPs, the following conclusions can be drawn: -Coating compositions containing AAP exhibited similar (AAP2, AAP5) or slightly higher viscosity than paints based on microsized AZP and AP fillers at the same K parameter value;
-An incorporation of AAP into polyurethane paint improved adhesion of cured coats to a steel substrate (AAP3, AAP4, AAP5), their hardness (AAP5), and gloss (AAP3 and AAP5) in comparison to the systems filled with AZP or AP;
-Coating composition with AAP (AAP5, 10 wt%) exhibited similar or reduced delamination around the scribe and blistering resistance (after 2500 h in a salt spray chamber) in relation to the coats containing 13.7 wt% of commercial microsized AP or 15.6 wt% of AZP. In the case of short-lasting tests ( £ 1250 h), coats containing AAP1, AAP4, or AAP5 achieved better anticorrosion features than samples with the mentioned AP filler;
-EIS test results showed markedly higher barrier properties of the PU/AAP5 coat in comparison to the sample with microsized AP. The corrosion rate of steel immersed in a neutral extract of AAP5 was markedly lower than in neutral extract of microsized AP. In the case of alkaline extracts of the phosphates, AAP5 offered higher corrosion inhibition efficiency in comparison to APs (micro-and nanosized) and AZP.
